A review is given of glow discharge techniques which are useful for conditioning vacuum vessels for high vacuum applications. Substantial development of glow discharge techniques has been done for the purpose of in-sttu conditioning of the large ultrahigh vacuum systems for particle accelerators and magnetic fusion devices. In these applications the glow discharge treatments remove impurities from vessel surfaces in order '"o minimize particle-induced desorption coefficients. Cleaning mechanisms involve a mixture of sputtering and ion-(or neutral) induced desorption effects depending on the gas mixture (Ar/Oj vs. H 2 ) and excitation method (DC, RF, and ECR). The author will review the methodology of glow discharge conditioning, diagnostic measurements provided by residual gas and surface composition analysis, and applications to vessel conditioning and materials processing. The ability of a glow discharge to enhance the chemical reactivity of the constitutive gases has given rise to numerous technical applications.
Introduction
The ability of a glow discharge to enhance the chemical reactivity of the constitutive gases has given rise to numerous technical applications.
Materials processing techniques involving glow-discharge-enhanced deposition 1 or etching 2 '^ processes have become essential for microcircuit fabrication.
The subject of this review concerns a les3 well-known application of glow discharges: the cleaning and surface modification of vacuum vessels. Glow discharge cleaning (GDC) techniques have been developed primarily for the surface preparation of large vacuum vessels used with accelerator and magnetic fusion devices. However, GDC techniques are not limited to these historical applications and are useful for the surface preparation of any size vacuum vessel or constituent vacuum components used in ultrahigh vacuum (UHV) or vacuum systems requiring extreme cleanliness.
In this review the historical development of GDC techniques is briefly described (Section 2). In Section 3, typical experimental arrangements are described. The major part of the review (Section M) is focus«c on the results of basic GDC studies and example applications from magnetic fusion devices and storage rings. These studies used quantitative residu..l gas and surface analysis measurements that illustrate the basic mechanisms and effectiveness of surface cleaning when GDC is applied to commonly used vacuum materials.
Historical Development of GDC
The use of glow discharges for surface cleaning can be traced to studies This arrangement subjects the vessel wall to the ion bombardment which, as the later studies to be described have shown, removes surface and near-surface impurities from the vessel.
The GDC technique was given its first wide exposure to the vacuum technology community with the development of Ar and Ar/0 2 GDC techniques^- 12 for the surface treatment of the first of several large proton storage rings'
at CERN in the mid-1970's. Th-? techniques developed for the Intersecting Storage Ring (ISR) at CERN were ..ater adopted for use in other more recently constructed storage rings."" * Storage rings have several unique and stringent vacuum requirements. The operating pressure when the machine is in operation must be in the UHV range (typically less than 10" 10 Torr) in order to minimize beam particle loss due to gas phase scattering. Beam lifetimes of the order of hours are required for storage rings. In electron and positron storage rings the vacuum chamber is subjected to intense synchrotron radiation, resulting in desorption of neutral gas from the surface. The development of GDC techniques in magnetic fusion research20-23 was also driven by a technical requirement to minimize particle-induced desorptian coefficients and a practical requirement to find a cost-effective means of surface cleaning very large surface area vessels. In order to minimize radiation losses and hydrogenic depletion in high temperature fusion plasma experiments, nearly pure hydrogenic plasmas are desired. A figure of merit used in the field is the effective charge or Z eff of the plasma defined is: This choice depends on the frequency of up-to-air cycles for the vessel and the desire to produce uniform discharge current distributions with the minimum number of anodes.. In DC-powered systems a load resistor is usually put in series with the anode (unless a current-limiting power supply is used) in order to limit the current drawn by unipolar arcs which are quite common in the initial stage of glow discharge treatment of dirty surfaces.
One of the serendipitous benefits of glow discharge cleaning is the arc conditioning which is observed during discharge exposure. The frequency of unipolar arcing typically decays exponentially as arc Initiation sites are removed. ^»" Arc conditioning is a particular benefit if the vessel will be exposed to some plasma process following the cleaning procedure.
The use of high-frequency excitation sources for producing the glow discharge usually requires a more complicated excitation electrode; however, the benefits may justify the additional complication for certain applications. For RF excitation the electrode typically consists of a coil structure with sufficient inductance to couple power into the discharge when an appropriately tuned matching circuit is used between Che electrode and RF power supply. For ECR excitation the electrode structure is an antenna capable of propagating the applied frequency into the discharge, and can vary in complexity from a probe antenna coupled to the waveguide which delivers the power from the excitation source, to more sophisticated phased array In addition to the electrode structure and excitation source, important experimental variables for a GDC system include specifications for the gas type, gas pressure, gas throughput {or pumping speed), and recommended ion dose to the vessel wall. Gas pressures have spanned the range 5 x 10"^ to 1 x lO"' torr depending on gas type, excitation source, and electrode structure.
For a fixed power input the ion flux to wall is not a strong function of the discharge pressure (see Section 4); however, the system pumping speed is usually a strong function of pressure. It is important for the removal of volatile contaminant species produced by the discharge to maintain a high gas throughput. Turbopumps are the pumps of choice for GDC because of their high pumping speeds for the usual GDC gases (Ar or H 2 ) and because of the constant pumping speed vs. throughput. With the use of turbopumps, glow discharges operating in the pressure range of (1-5) x 10"^ torr will maximize both the throughput of the fill gas and the pumping speed (and thus removal from the system) of the reaction products. Figure 3a shows the observed time dependence of the primary residual gases produced during the initial discharge cleaning of the large (36 ni^) PDX torus, and 3b shows a subsequent cleaning run after-substantial internal hardware was added to the vessel.
During both cleaning runs the vessel was at ambient temperature (-22°C} and the dominant residual gases produced were CH^, CO, and C 2 H (i . Subsequent studies" have shown that the H^O production is small at room temperature, and have explained why no HjO production was observed in the PDX experiments above the background levels in the RGA. Figure 4 shows the residual gas behavior UP observed for two vessel temperatures for the initial cleaning^' at -20°C, ard a subsequent run ^ at 150°C for the large (86 m^) stainless steel vessel for the TFTH device. In the TFTR experiments the RGA background levels for H 2 0
were reduced compared to the PDX measurements, and the production of H.,0 was observed for both the ambient and higher temperature cleaning runs. In addition to providing basic reaction rate data, the residual gas analysis of glow discharge conditioning has provided data on the power and/or flux dependence of the volatilization reactions. Such information is useful for optimizing and scaling the cleaning process to various size vessels. For a given system and pumping speed for the volatile reaction products, the effectiveness of the cleaning process would be maximi2ed by maximizing the partial pressure of the product. One can write a particle balance equation
for the process which helps to illustrate the mechanisms which contribute to the increase or decrease of reaction product partial pressure. Because of the importance of oxygen as a primary impurity in fusion, devices with steel vessels, this particle balance analysis has been applied most often to the kinetics of H 2 0 formation in the presence of hydrogen discharges. The rate of change of the HgO partial pressure in a vessel with volume, V, can be written
where k g is the surface reaction rate for the formation of HjO due to hydrogen (ion and atom) bombardment of the vessel wall; k a is the rate of readsorption; k, is the rate of ionization in the glow discharge; and the removal rate of H 2 0 from the vessel (i.e., the cleaning rate) is given by the product of the pumping speed, S, and P (H 2 0).
A useful and practical limiting solution for Eq. (3) occurs when the readsorption rate is small (i.e., high temperature walls), the reionization rate is small (i.e., low electron temperature discharge) and the system pumping speed S_ is large compared to lc a and k^.
In this limit and under quasi-steady-state conditions, the partial pressure of H-,0 is proportional to the H-flux (r H )to the vessel wall since k s is proportional to r H : in their analysis of the data shown in Fig. 7 , and a similar analysis was given by Waelbroeck et_al.
2^
in their analysis of the data shown in Fig. 8 . In Fig. 8 the H 2 0 partial pressure in a H 2 glow discharge is plotted vs. discharge current for two different pumping conditions (with and without an appendage liquid nitrogen trap). Waelbroeck et al. 3 show that the H-atora flux to the wall is proportional to the discharge current. Surface probe measurements" confirm that the hydrogenic ion (H*, H|) flux to the wall is also proportional to the discharge current. For the data shown in Fig. 8 the discharge current range is sufficiently small that H-,0 ionization rates are small; however, only in the case shown with the appendage cryopump is linearity of pressure vs.
discharge current maintained because the system pumping speed is sufficiently large compared to readsorption rates.
Surface Analysis Data
Further reaction kinetics data and basic information on reaction mechanisms have been obtained through in-situ surface analysis of steel samples exposed to H, glow discharges. These data were obtained through the use of unique experimental arrangements"'° that allowed a sample of wall material to be translated from a vessel wall position to an analysis chamber without an air-exposure. More sophisticated surface analysis by XPS and SIMS techniques of stainless steel samples exposed to H, discharge cleaning has provided insight into the processes involved in the reduction of the surface oxides. 
followed by the subsequent reduction of the hydroxide to a free metal with the liberation of HpO to the gas phase:
Assuming quasi-equilibriura for the forward and reverse reactions of Eq. (5), the rate equation for the production of H 2 0 can be written as The presence of FeOH is seen in both the XPS and SIMS spectra of H 2 -discharge-exposed steel surfaces, '-^ thus providing supporting evidence for the initial reaction step. Equation (7) Another term can be added to the HjO particle balance equation (Eq, 3) which represents the diffusive source, k d :
In this case the particle balance is written in terms of the change in the oxygen surface coverage (n), and the gas phase removal processes (k^ and SP)
are ignored, so that a comparison can be made to surface composition data similar to that shown in Fig. 9 . is shown in Fig. 13 , which is a measurement of the implantation depth profile on a silicon target exposed at the vessel wall (cathode). The implantation profile can be unfolded to yield the impacting ion energy of the species hitting the target. Such unfolding has large uncertainties for the relatively small ion energies'(< 400 V) and shallow depth profiles (< lOnm) in this example. Nevertheless, the identified peak in the depth distribution is consistent with the peak proton flux corresponding to impacting ion energies of -V /2 = 200 V. It is also interesting to note that this result is independent of the neutral pressure over the range investigated probably because the ion mean-free-path is greater than the sheath dimensions for the entire pressure range. Therefore, other considerations can be used when choosing an operating pressure for H, discharge cleaning, such as the optimization of impurity pumping speeds.
A direct measurement of sputtering of metals from a vessel wall exposed to H 2 glow discharges has been made by Winter et al. ° using the deposition probe technique. * Figure 14 shows these results for deposition onto clean Si and Al samples as a function of H-atom fluence for exposure to both a pure H 2 and a H 2 /1? CH^ glow discharge. The dashed lines on the plot correspond to deposition that is strictly proportional to H-dose (i.e., no redeposition) and the slope gives a sputter yield for Inconel of -2 x 10"' atoms/incident ion for the (-225 eV) K* ions produced in an RF-assisted DC glow discharge. The sputter yield is increased by more than an order of magnitude with the addition of a small amount (1%) of a heavier gas (CH^) in the discharge.
Argon and kr/Qn Glow Discharge Cleaning
Glow discharge cleaning techniques using argon and argon/oxygen gas mixtures have been developed largely by the vacuum groups associated with accelerators and storage rings, most notably the groups at CERN and Brookhaven. The need for glow discharge cleaning in accelerator applications parallels the need in magnetic fusion devices. Both applications require cost effective and efficient vessel conditioning techniques which can be applied to large area vacuum vessels in order to significantly decrease particle-induced desorption coefficients. For a number of reasons, glow discharge cleaning techniques applied to accelerators have emphasized first Ar discharge cleaning and then Ar/0 2 cleaning.
Historically, the early laboratory-scale studies of glow discharge cleaning emphasized noble gas discharges. The CERN group performed a large number of tests of various cleaning techniques on technical materials * '
,1°
during the initial operation of the Intersecting Storage Ring (ISH). Included in these tests was an evaluation of argon discharge cleaning using a discharge arrangement such as shown in Fig. 2 . The effectiveness was judged using a number of diagnostics iacluding in-situ surface analysis and measurements of electron-and ion-(K + ) induced desorption coefficients. Figure 15 shows that for unbaked stainless steel surfaces, argon discharge cleaning {to a dose of -10'° em -2 ) can reduce electron and ion desorption coefficients from initial values which are greater than one to final values in the range of 0.01 to 0.001. In-situ surface analysis measurements of discharge-cleaned samples showed that the surface carbon contamination was effectively removed after an ion dose of -10 ' cm .
Rather than relying on purely physical sputtering to remove impurities from the vessel surfaces, the addition of 0 2 enhances surface reactions forming CO and CC>2, thus accelerating the removal of surface carbon from the vessel. '' Figure 16 shows the integrated quantity of these volatile reaction products removed after the first and second application of Ar/CU discharge cleaning to a stainless steel vessel. ' As in the case of the quantitative measurements of Hj discharges cleaning 20 '^2 (Fig. 3, 4) , the integrated removal of surface carbon and oxygen with the initial cleaning is of the order of 100 monolayers. It is also of interest to observe that the initial glow discharge treatment offers some degree of passivation with regard to subsequent air exposures. Figure 16b shows that the integrated impurity gas removal with the second cleaning after an air exposure is down by more than an order of magnitude compared to the initial cleaning (Fig. 16a ). Pure 0 2 discharges have also been applied very successfully to the problem of cleaning carbon contamination from the surfaces of optical components used in the UV and X-ray wavelengths.'3-76
Surface analysis of

Summary
We have reviewed the various glow discharge techniques which have been applied to the cleaning and conditioning of vacuum vessels. Much of the development of the techniques and the understanding of the cleaning mechanisms has come from applications of H 2 glow discharge cleaning to magnetic fusion devices and Ar or Ar/0 2 glow discharge cleaning to storage rings. For both technologies the need for a cost-effective cleaning method for large surface area vessels was essential. Laboratory studies on small vessels and in-situ measurements on full-scale vessels have demonstrated that glow discharge cleaning can produce near atomieally clean surfaces on technical materials with the consequence that particle-induced desorption coefficients are lowered by more than factors of 10^. Other benefits of glow discharge exposure include a decrease in vessel outgassing of common residual gas constituents (hydrocarbons and H2O) and unipolar arc conditioning which decreases the susceptibility of a vessel to subsequent arcing upon exposure to plasma processes. Although, much of the experience with glow discharge cleaning has been gained with large vessels, the techniques and the benefits can be applied to any size vacuum system. Poschenrieder, G. Standenmaier, and Ph. Staib, J. Nucl. Mater. 93/94, 322 (1930 
